Solid-state lighting using laser diodes is an exciting new development that requires new phosphor geometries to handle the greater light fluxes involved. The greater flux from the source results in more conversion and therefore more conversion loss in the phosphor, which generates self-heating, surpassing the stability of current encapsulation strategies used for light-emitting diodes, usually based on silicones. Here we present a rapid method using spark plasma sintering (SPS) for preparing ceramic phosphor composites of the canonical yellow-emitting phosphor Ce-doped yttrium aluminum garnet (Ce:YAG) combined with a chemically compatible and thermally stable oxide, α-Al 2 O 3 . SPS allows for compositional modulation, and phase fraction, microstructure, and luminescent properties of ceramic composites with varying compositions are studied here in detail. The relationship between density, thermal conductivity, and temperature rise during laser-driven phosphor conversion is elucidated, showing that only modest densities are required to mitigate thermal quenching in phosphor composites. Additionally, the scattering nature of the ceramic composites makes them ideal candidates for laser-driven white lighting in reflection mode, where Lambertian scattering of blue light offers great color uniformity and a luminous flux >1000 lm is generated using a single commercial LD coupled to a single phosphor element.
Introduction
Solid state white lighting is more efficient than traditional sources and is currently experiencing increasing rates of adoption due to improvements in color quality and luminaire design. For high power lighting (>100,000 lumens) using light emitting diodes (LEDs), many diodes are required to produce high light output to avoid droop, 1 resulting in a luminaire with a very large footprint. Directional lighting using LEDs is limited by the emission angle for the emitter, requiring secondary optics that diminish the total light produced.
To circumvent these technological and fundamental limits, laser diodes (LDs) provide a promising path forward owing to their monochromatic, highly coherent, and directional light emission. 2 LDs coupled to small inorganic phosphors allow very high luminous flux for a given solid state emitter, 3 and the small laser spot size can result in a quasi-point source of white light with a smallerétendue compared to conventional LED systems. New technologies, such as laser-boosted headlights 4 and visible light communication [5] [6] [7] have leveraged the benefits of LDs over LEDs. In these emerging demonstrations, a monochromatic LD is converted to broad band emission using inorganic phosphors. A key design requirement is the development of phosphor morphologies capable of withstanding high conversion and therefore high thermal loading due to the higher fluence from LDs. 8 Despite impressive recent improvements in monochromatic LEDs and LDs, inorganic phosphors will likely always have a role in solid-state white lighting due to their ease to manufacture, 9 low cost compared to solid-state emitters, high efficiencies, 10 and wellstudied emission and color stability with temperature. Thermal stability of phosphor emission is dictated by the crystal structure and the dopant concentration. 11 Lower efficiencies are observed at elevated temperatures for a given dopant concentration due to thermal quenching, and more quenching is observed as dopant amount in a phosphor is increased for a given temperature. 12 For example, the widely used yellow-emitting Ce-doped yttrium aluminum garnet (YAG) phosphor quenches at high temperatures partially due to thermal ionization, 13 which adds to heat generated via the Stokes shift. 10 These mechanisms raise the phosphor temperature and degrade efficiency and color stability. LED phosphor encapsulation schemes impact the thermal conductivity of the phosphor element, such as an epoxy resin, silicone, or glass, that is mixed with the phosphor and then cured. 14 Therefore, to mitigate thermal quenching, the phosphor morphology used must have enough thermal conductivity to dissipate heat generated from conversion.
Many new strategies have been explored to improve the thermal conductivity of phosphor encapsulation schemes. Phosphor-in-glass, or the mixture of phosphor powders with glass frit at low temperatures, is reported to display higher thermal conductivity to 2.18 W m −1 K −1 , but reflection losses of the excitation light led to a lower luminous efficacy than in silicone-based commercial white LEDs. 14, 15 Thermally robust phosphors can be achieved by avoiding low thermal conductivity encapsulating materials altogether to create stand-alone phosphor monoliths, such as single crystals 16 or dense monolithic or composite ceramics [17] [18] [19] [20] and have been successfully deployed in industry. 21 When compared to phosphors in silicone, polycrystalline ceramics offer control of light scattering via pore size and compositional tuning, reduced degradation, reduced color over angle shift, can be characterized before use with LEDs, and offer better heat conduction. 22 In addition to monolithic phosphor ceramics, phosphor composites (phosphors or multiple phosphors with heat dissipating materials) offer design flexibility.
In the present work, a series of Ce:YAG and α-Al 2 O 3 composites were made using spark plasma sintering (SPS) and their phase fraction, microstructure, and luminescent properties ew studied for use in LD-based white lighting. Both transparent and scattering YAG 17, 23, 24 and YAG composites 19, [25] [26] [27] [28] [29] have been studies previously for white light generation, the latter offering increased thermal conductivity and increased light extraction through the inclusion of alumina, which has a thermal conductivity three times that of YAG.
For the first time, relationships between ceramic density, thermal conductivity, and operating temperature are investigated and reveal that large differences in thermal conductivity as a function of Al 2 O 3 do not translate to significantly lower operating temperatures 4 for the system design studied presently. Unique experimental insights into the relationship between density, thermal conductivity, and operating temperature demonstrate that encapsulation-free composites of modest density do not sacrifice light output (>1000 lm for one phosphor and one LD) with naturally Lambertian scattering of incoming laser light rendering a more uniform white light. Additionally, the composites sufficiently mitigate thermal quenching and are superior to ceramics containing no alumina, offering high light output and excellent color uniformity with no additional preparation.
Methods
Mixtures of commercially available Ce-doped yttrium aluminum garnet (Y X-ray powder diffraction was performed at room temperature using a Panalytical
Empyrean powder diffractometer with Cu Kα radiation. Starting materials and powder from grinding sintered samples with an agate mortar and pestle were was placed on a zero background silicon holder and scanned for an 1 h in duration. Rietveld refinement of the diffraction data was performed using the General Structure Analysis System (GSAS) with EXPGUI. 30, 31 Scanning electron microscopy (SEM) images of the sintered samples were collected using a FEI XL30 Sirion FEG Scanning Electron Microscope using a backscattered electron detector for compositional contrast with a 15 kV beam voltage.
Photoluminescence spectra were collected using a 50 cm diameter integrating sphere with a commercial blue laser diode in a copper heat sink mounted in a side port and the phosphor sample mounted in the center of the sphere. The diode was controlled by a Keithley 2440 5A SourceMeter. Data were collected using a MAS40 spectrometer with a 2.0 OD filter. A correction factor was experimentally measured to account for the attenuation imparted by the filter. Quantum yield (QY) was calculated using a two measurement approach. 32 To mitigate sample heating for phosphor powders measured in silicone, a 1.0 OD filter was placed in front of the LD to attenuate the LD light. No filter was required for ceramic samples. The data collected was then used to calculate optical properties, such as quantum yield and luminous flux, using Mathematica. Current, voltage, radiometric, and electrical power used to calculate wall plug efficiency (WPE) for the LD used is shown in Supporting Information ( Figure S1 ). For phosphors measured in silicone, phosphor powders were thoroughly mixed at 25 wt% in a silicone matrix (Momentive, RTV-615) using a high speed mixing system (FlackTek Inc., DAC 150.1 FVZ-K) at 1500 rpm for 5 min and subsequently deposited on a 100 mm 2 fused silica substrate and heated at 398 K for 15 min in a box furnace to accelerate the curing process.
Using the same commercial LD, samples were placed on a large aluminum heat sink and monitored using a FLIR A310 thermal imaging camera with range 0 • C-360
• C. The LD lens was placed 5 cm away from the surface of samples at an angle of 45
• . The LD was mounted in a cylindrical copper heat sink of diameter 20 mm to mitigate laser overheating.
The samples were placed on a large metal heatsink that was much larger in volume than the sample and thermally attached using a silicone-based thermal joint compound. The samples were then monitored using an infrared (IR) camera. Emissivity of the samples was set to 0.95 to obtain the temperature from IR camera images.
Thermal diffusivity was measured using the laser flash technique between room temperature and 973 K under an argon atmosphere on a Netzsch LFA 457 system with a flow rate of 100 ml min −1 . Pellets for the measurement, approximately 6 mm in diameter and 2 mm thick, were sprayed with a layer of carbon paint to minimize errors in the emissivity.
Heat capacity was calculated using a Netzsch DSC 3500. The samples were run from 273 K to 773 K and back under nitrogen gas. The energy required to heat the samples were compared to a sapphire standard using a inbuilt ratio method. The thermal conductivity was calculated using κ = αC p ρ, where α, C p , and ρ are the thermal diffusivity, heat capacity, and density, respectively.
To characterize reflection of incoming laser light and analyze the color uniformity, angular resolved experiments were carried out on a home-built system. A commercial LD was mounted and used to excite samples at an incident angle of 30
• . Samples were placed on a heat sink while a an optical fiber attached to a mechanical arm scanned angles from 7 0
• to 90
• . Light was collected using an optical fiber connected to a Horiba Jobin Yvon
Spex 550 Triple Imaging Axial spectrometer.
Results and discussion
Ceramic phosphor composites of Ce:YAG and Al 2 O 3 in different ratios by weight were prepared by mixing and densifying powders using SPS. SPS relies on graphite and carbonbased tooling surrounding the powder, resulting in a carbon-rich densification environment. After densification, the samples appeared dark in color due to the presence of carbon instead of yellow Ce:YAG and white Al 2 O 3 . Carbon contamination in SPS-prepared transparent oxides was observed by others, evidenced by lower in-line transmission. 33 The densified ceramics in the present work were then subjected to an annealing step in a reducing atmosphere of 0.1 L min −1 of 5% H 2 :95% Ar for 6 h at 1500
• C on an alumina crucible in an alumina tube furnace. It was hypothesized that heating in a reducing environment would mitigate carbon contamination as hydrogen is an effective etching gas for carbon. 34 Visually, the samples appeared closer to the color of the original starting powders after the annealing step ( Fig S2) . To investigate the effect of the annealing step on the amount of carbon in the ceramics, SIMS was performed on three craters 3 μm to 4 μm deeper than the surface of the samples, with areas of approximately 30 mm 2 assessed. Using 27 Al as a reference signal, it was confirmed by SIMS that an order of magnitude less carbon was present in the annealed sample than in the as-prepared by SPS with no anneal ( Figure S3 ). All further investigations in the present work were performed on annealed ceramic samples. 35 To confirm the purity of phases in the sintered ceramics, X-ray diffraction was performed on powder derived from grinding an SPS-prepared ceramic sample (25% Ce:YAG and 75% Ce:YAG shown in Figure S4 ). Rietveld refinements of a representative 50% Ce:YAG ceramic ground into a powder ( Figure 1 ) were used to obtain phase fractions, which were calculated to be (Figure 2 ). The particles of Ce:YAG isolated in the α-Al 2 O 3 matrix suggest implications for both light scattering and thermal conductivity that will be discussed in more detail later in the present work. In Ce:YAG/Al 2 O 3 phosphor systems, it has been noted that the refractive indices of YAG and Al 2 O 3 are similar, potentially reducing backscattering and total internal reflection losses at crystal boundaries as an increased optical path enables more efficient excitation. 36 Additionally, higher thermal stability during conversion is also expected due to this morphology, 20 as the connectivity of the Al 2 O 3 offers a percolating pathway for heat dissipation from Ce:YAG particles through the higher thermal conductivity of α-Al 2 O 3 . Emission properties for samples with varying wt% Ce:YAG were measured using an integrating sphere and a commercial laser diode and are reported in Table 1 . In the present work, ceramic samples of 50% Ce:YAG measured the lowest coordinated color temperature (CCT), Commission Internationale de l'Éclairage (CIE) coordinates closest to the white point, and relatively low CRI that is to be expected for a blue LD source coupled with a yellow-emitting phosphor. 3, 37 The LD was controlled using a Keithley 2440 power source with the LD operating at low power for <1000 ms to avoid sample heating. Small differences in the emission color of the ceramic phosphors did not follow any systematic trends. For transparent Ce:YAG ceramics, the quantum efficiency of the transparent ceramics were reported to be lower than Ce:YAG powder due to waveguiding and backward emission losses. 38 In translucent or scattering Ce:YAG ceramics however, pores introduce scattering and can be controlled by tuning both the pore size and the prevalence of pores. 39 This scattering can overcome light trapping effects of the high index (n=1.85 at 450 nm)
in Ce:YAG. 40 In the present work, scattering is introduced both through the grain boundaries of the hexagonal Al 2 O 3 mixing with cubic Ce:YAG, as well as the presence of pores.
QY was measured for ceramic samples as-prepared using SPS, and the SPS samples were then ground into powders and mixed in silicone and measured. Curiously, the measured QY of the powders in silicone derived from grinding the ceramics (69-75%) was higher than the ceramics prior to grinding (48-53%), which could be due to increased extraction by using silicone due to different indices of refraction or an increase in the probability for reabsorption in the silicone sample.
In the present work, phosphor mixtures were investigated both prior to SPS and post SPS preparation to determine if the drop in photoluminescent quantum yield (PLQY) is due to processing. For the starting Ce:YAG powder, the PLQY of the commercial Ce:YAG in silicone was measured to be 83-89%, which matches expected values for this particular phosphor. A sample of 50% by weight Ce:YAG and 50% by weight Al 2 O 3 in silicone measured a small drop in the PLQY to 77-86 % (Table 2 ). PLQY was measured using an integrating sphere setup reported elsewhere, 3 where the ranges reported presently are minimum and maximum values measured for a range of laser powers tested. In the current work, conclusions about PLQY across the range of ceramic samples prepared are difficult to make as the samples contain qualitative but not quantifiable amounts of carbon, which is known to absorb light. 41, 42 Quantitative values for carbon concentration in the present samples are also very difficult as oxide and carbon standards for these ceramic oxides do not exist at the time of publication for methods such as SIMS. While the potential interplay between PLQY and density are difficult to elucidate in the present work, it is clear that SPS processing in a carbon rich atmosphere introduces carbon that lowers the PLQY of the composite ceramic phosphors. Future work is needed to decrease the presence of carbon to increase the PLQY.
The increase in extraction by encapsulating the phosphor powder in silicone might also provide some reasoning as to the lower QY observed in the ceramics than the original powder, as some light might scatter but not escape the ceramic. However, the drop in QY observed is due largely to the carbon introduced via the SPS process. Other methods for preparation of ceramics, such as tape casting 43 and floating zone growth, 36 might provide a more viable route for higher purity ceramic phosphors in the future, and ceramics with higher QY values have been reported for Al 2 O 3 /Ce:YAG samples. 20 The rest of the current work will instead focus on the viability of this system for use in high power white lighting, with the knowledge that improvements in QY are possible via cleaner processing routes and more efficient starting phosphors.
The luminous flux (Φ lum ) is the light power of a white light emitting device as perceived by the human eye, and is given as follows (Eq. 1):
where 683 lm W −1 is a normalization factor representing the amount of lumens (lm) given by a light source of 1 W emitting at 555 nm, S (λ) is the power spectral distribution measured experimentally, and V (λ) is the eye response function which represents the intensity of color perception. One lumen is equal to a light source emitting one candela uniformly across a solid angle of one steradian. Therefore, luminous flux is the perceived total light output for a given emitter and phosphor combination or device and does not contain any information about the color of the light, just the intensity as perceived by the human eye. The luminous efficacy of radiation (LER), which is the luminous flux divided by the radiometric/optical power of the source (lm W rad −1 ), provides information about how efficiently visible light is produced by a given source. This is the upper limit measurement for a given light source and phosphor combination, whereas the overall luminous efficiency, The spectral power reaches nearly 17 mW nm −1 for phosphor emission, which is a factor of twenty increase from earlier examples of LD-excited Ce:YAG for lighting. 37 Increases in spectral power observed in the present work are due to both higher performing lasers and thermally stable phosphor morphologies capable of withstanding high flux. At the maximum measured LD output power of 6.82 W, ∼1.2 klm of white light was measured using an integrating sphere. Using only one phosphor sample and one commercial LD operating at maximum laser power, the 1.2 klm white light has a luminous efficacy of 165 lm W rad
with a CRI of 65, CCT of 5350 K, and CIE coordinates of (0.34, 0.32). The luminous efficiency was measured to be 51 lm W elec −1 using a 28% WPE LD. The most efficiency 50% Ce:YAG sample with measured density of 80% theoretical was PLQY=70%. These Densities of the samples were calculated using a weighted average of each component based on the nominal composition. To investigate the relationship between density and thermal conductivity, thermal diffusivity and heat capacity were measured from 323 K to 723 K to calculate thermal conductivity. Thermal conductivity as a function of temperature for a 100% Ce:YAG ceramic, a 50% Ce:YAG ceramic of similar density, and 50% Ce:YAG ceramics of increasing density are shown in Figure 5 . It can be seen that for a similar Figure 5 : Thermal conductivity as a function of temperature from 323 K to 723 K for different ceramic samples shows that including Al 2 O 3 increases thermal conductivity in the Ce:YAG/Al 2 O 3 ceramics, and increasing density increases thermal conductivity. Density is listed after the sample composition. As expected, the 50% Ce:YAG ceramic with the highest density has the highest thermal conductivity.
theoretical density, the thermal conductivity at 323 K of a 100% Ce:YAG ceramic doubles with the inclusion of 50 weight % α-Al 2 O 3 . Thermal conductivity at 323 K continues to increase with increasing density. However, the current ceramics have QY values lower than typical values reported for Ce:YAG phosphors. 9 During conversion, more heat will be generated in the present ceramics due conversion losses due to the lower QY. The
for Ce:YAG 16 allows for a lower operating temperature at a given device current, which results in high conversion efficiency and higher luminous output at the same operating conditions due to reduced thermal quenching. This also allows for higher power density without reaching a thermal quenching or degradation regime. 22 In the current work, benefits of the high thermal conductivity α-Al 2 O 3 compete with the deleterious effects of porosity. It has long been known that both volume fraction of porosity and the size, shape, and orientation of the pores play a large role in the thermal conductivity of ceramics. 46 The change in thermal conductivity for a given temperature in the current work is similar to observed values for alumina with an increase of 5-10% porosity resulting in a 5-10 W m −1 K −1 drop in thermal conductivity, 46 which is directly related to the pore volume fraction in the composite materials. However, this is not observed to greatly impact the steady state temperature for the current configuration. Including alumina in the ceramic phosphors lowers to saturation temperature to around the same value for densities ranging from 74% to 97%. All ceramic samples had the same dimensions and were affixed to a large metal heat sink using a thermal joint compound. Density of each ceramic is listed in legend.
To test the thermal management of the ceramic composites during LD excitation, samples were irradiated using a commercial laser diode with λ ex =450 nm at 5 W rad . The maximum surface temperature as a function of time is shown in Figure 6 . There is a great reduction in steady-state temperature from 57°C to 37°C by including alumina in the composite for a given density, which is enough to prevent thermal quenching for the Ce:YAG doping concentration investigated presently. 11, 12 There is only a difference in steady-state temperature of roughly 3°C between ceramic composites with density of 74% and 97%, despite the large differences in thermal conductivity ( Figure 5 ). While the amount of heating de-pends on a large number of phosphor and device-specific parameters such as the thermal conductivity, the QY of the phosphor, the size of the sample, how it is thermally fixed to a heat sink, etc., the present results demonstrate that a baseline level of thermal conductivity is achieved using α-Al 2 O 3 that successfully mitigates phosphor heating. Additionally, less phosphor material results in less heating without an appreciable loss in luminous flux (1180 lm for 100% Ce:YAG and 1023 lm for 50%Ce:YAG). In the current work, all samples are the same cylindrical shape with identical dimensions of 8 mm diameter and 2 mm thickness. For LD-based white lighting, small samples are preferred as it can be used as a quasi-point source. As sample volume decreases, the differences in thermal conductivity will likely play a larger role due to less thermal mass. However, it is observed in the current work that large increases in thermal conductivity are accompanied by small changes in the steady state temperature. Therefore, Ce:YAG/Al 2 O 3 composites mitigate temperature very well whilst converting laser light even if the densities achieved are not the theoretical maximum. Figure 7 : Scheme for measuring the angular dependence of light emission. The blue laser diode is fixed at an angle of 30°, relative to the sample surface while a detector attached to a goniometer arm is scanned along longitudes from 0°, to 180°, (scan directions indicated by the double arrows). First, the detector is scanned from 0°to 180°in the same plane as the laser diode, which is denoted as the 0°azimuthal scan in the data. Longitudinal scans at azimuthal angles of 45°and 90°with respect to the plane of the laser were also carried out. The longitudinal detector arc at an azimuthal angle of 90°is indicated.
One additional consideration for ceramic composites their scattering behavior, as the reflected light will play a role in both the color of a device as well as device safety. A recent study of this system hypothesized that the use of α-Al 2 O 3 introduced additional scattering, resulting in altered light propagation and increased extraction efficiency, whereas transparent samples waveguide light via total internal reflection. 27 In the present work, angular dependent emission was collected for a 50% Ce:YAG ceramic sample as prepared via SPS with a rough surface and a commercially prepared Ce:YAG single crystal that is roughly the same volume using a home-built system described in Figure 7 .
A polished surface reflects light away at the same angle as the incident light, meaning the reflected angle and incident angle are equivalent, and is known as specular reflection.
A rough surface will reflect the light at more than one angle but predominantly in the same direction as the polished surface. For LD-based lighting in a reflection geometry, a matte surface might be preferred for color mixing, as blue source and yellow emitted light must mix to create white. Perfectly matte surfaces diffusely scatter light resulting in the same apparent brightness in every direction. While phosphor materials exhibit omnidirectional emission for the light that is absorbed and emitted, scattering of the incident light is an important consideration for making reflection-based devices. 47 In the present work, the reflection geometry is investigated as a demonstration that leverages the highly scattering nature of the ceramic composites.
Using a blue LD positioned at 30°incident to the phosphor, three collection angles of 0°, 45°, and 90°were used to characterize the nature of the reflected blue light. It was observed that after the normal routine of surface sanding to remove the graphite foil present after SPS preparation, the 50% Ce:YAG ceramics display Lambertian reflection of incoming laser light. This is shown quantitatively in polar coordinates in Figure 8 (a), which leads to diffuse blue reflection that mixes with yellow Ce:YAG emission to create white light (Figure 8(c) ). A Ce:YAG single crystal was subjected to the same sanding regime as the SPS ceramics in an attempt to create a matte surface, but under LD excitation, the single crystal displays spread blue reflection associated with a rough surface. This is shown quantitatively in Figure 8(b) , where the highest peak intensity of blue light is observed at the reflected angle of 30°, leading to a spread laser spot surrounded by a halo of converted yellow light (Figure 8(d) ). It is likely that the high hardness of the Ce:YAG single crystal prevented sufficient roughening using the techniques attempted in the present work. However, it is difficult to conclude that surface roughening alone would prevent total internal reflection in the single crystal phosphor. Therefore, effort needs to be taken to texture or pattern the surface of single crystals in the attempt to produce Lambertian reflection of blue light, whereas SPS-prepared polycrystalline ceramics in the present work display
Lambertian emission as prepared without additional processing, resulting in high outputs of thermally stable white light. Therefore, the increased thermal conductivity of ceramic composites over single crystals, as well as the Lambertian scattering achieved with no additional sample preparation render ceramic composites competitive candidates for high power LD-based lighting devices in reflection geometries.
Conclusions
The realization of encapsulation-free phosphor ceramics is required for the next generation of laser-based white lighting due to the temperature limitations of resins and glasses. With increased light output, drastically lower operating temperatures, and white color points, these composites offer an advantage over the exemplary phosphor material alone. By mixing α-Al 2 O 3 and Ce:YAG powders and consolidating using SPS, the steady state operating temperature of the ceramic under laser flux is observed to reduce greatly. This is likely due to the presence of less phosphor material, as well as the thermal conductivity of α-Al to the improved thermally stability, which is seen to reduce the operating temperature of the phosphors regardless of sample density in the configurations tested thereby preventing thermal quenching of the phosphor. Additionally, light is scattered and results in a more uniform distribution of blue and yellow light. For use in devices, the relationships between heat mitigation, color uniformity, and luminous flux must be considered as a function of the specific device geometry, including sample size and heat sink size, as small samples can be combined with LDs to achieve quasi-point source-like behavior.
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Laser radiant power and wall plug efficiency of the laser diodes used in the experiment, photographs of ceramic samples before and after annealing, and qualitative SIMS of ceramics before and after annealing. Figure S2: Photographs of samples after spark plasma sintering and removing the graphite foil (top), followed by a subsequent annealing step (bottom) of 2 °C/min to 1500 °C for 24 h with a 2 °C/min cool to room temperature. Sample density was not altered by the annealing step.
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Figure S3: Qualitative SIMS data shows higher levels of carbon for the not annealed sample. SIMS ionization efficiency for an arbitrary system were used to estimate absolute carbon concentration. However, carbon still exists in the annealed sample. Removing carbon in future processing will therefore increase efficiency. 
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